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Abstract

Secondary production derived from coastal marshes of the northern Gulf of Mexico
exceeds that of other regions in the United States and is exemplified by large fishery
catches of penaeid shrimps (Farfantepenaeus aztecus, F. duorarum, and Litopenaeus
setiferus - 66 % of U.S.) and blue crabs (Callinectes sapidus - 25 % of U.S.). We
belicve that this production arises from coastal wetlands, and is driven by wetland
geomorphology and hydrology resulting from the delta building and wettand loss
cycles of the Mississippi River. Quantitative surveys document that high densities of
shrimps and blue crabs directly use northern Guif marsh surfaces. Manipulative
experiments demonstrate that such marshes provide these fishery species with
increased resources for growth and with protective cover to reduce predator-related
mortality. Thus, access to the marsh surface is an important component in controlling
the link berween secondary productivity and coastal wetlands. Marsh access is
influenced by tidai flooding patterns, amount of marsh/water edge, and extent of
connections between marsh systems and the Gulf. Low-elevation Gulf marshes are
flooded nearly continually during some seasons and are extensively fragmented; such
characteristics provide maximum access. By conirast, U.S. Atlantic coast marshes have
less fragmentation and less flooding. These geomorphic and hydrologic differences
coincide with differences in secondary production between the regions, e.g., marsh-
derived fishery production is lower on the Atlantic coast. Despite the linkage between
coastal wetlands and secondary production, the current rapid loss of wetlands in the
Gulf does not appear to be causing a decline, but instead is associated with an increase
in fishery productivity. This paradox may be explained by changes in access and habitat
function during areal loss of wetlands. Wetland loss is accompanied by increased marsh
inundation and fragmentation, expansion of saline zones, and shortened migratory routes.
These processes extend the utilization of remaining marsh and support temporary
increases in secondary production.
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1. Introduction

Shelf fisheries of the southeastern United States are characterized by estuarine
dependency and an apparent linkage between coastal wetlands and fishery productivity.
The Southeast Region’s penaeid shrimp (mainly Farfantepenaeus aztecus and
Litopenaens setiferus) and blue crab (Callinectes sapidus) fisheries are prominent for
both their magnitude and their apparent dependency on estuaries as nurserics. A
positive correlation has long been recognized between area of coastal wetlands and the
shrimp fishery landings (Turner 1977). This relationship suggests a marsh habitat-
productivity link, but more direct evidence is required to conclusively document and
explain how secondary production of fisheries is derived from coastal marshes.

Evidence for a direct link between coastal marsh habitat and fishery production may
come in many forms. In general, the stronger the evidence, the more difficult it is to
obtain, Simply documenting the presencc of a species in a particular habitat may
suggest linkage between this habitat and productivity of the species. Such
documentation is rtelatively casy to obtain using qualitative sampling methods:
however, this type of évidence is perhaps the weakest for establishing a habitat-
productivity link. More convincing are data showing that a specific habitat, when
compared with all other available habitats, contains highest densities of a species. This
type of evidence can be obtained in interhabitat comparisons using quantitative sampling
methods (Rozas and Minello 1997). Still stronger evidence for a habitat-productivity link
requires documentation that a habitat provides one or more production-related necessities
(e.g., food, protection, spawning area) for a species. Habitats where species have high
survival and growth are most likely to be closely linked with high productivity. The
most convincing evidence for a direct link between habitat and productivity would
require a comparison of secondary productivity for a species among habitats. This type
of analysis is difficult and oficn not practical. In general, the linkage between habitats and
productivity should be demonstrated by direct evidence showing that a habitat both
contains higher densities of a species than other habitats and provides essential
requircments for survival and growth of that species.

Our objective in this paper is to review the evidence for direct linkages between salt
marsh habitat of the northern Gulf of Mexico and productivity of three valuable fishery
species, brown shrimp (Farfantepenaeus aztecus), white shrimp (Litopenaeus setiferus),
and blue crab (Cuallinectes sapidus). We examine animal densities, growth, and mortality
among marsh and other estuarine habitats. We discuss an emerging paradigm that
stimulation of secondary production in northern Guif fisheries is connected to wettand-
loss processes. We explain how northern Gulf marshes may differ from southeastern
Atlantic Coast marshes in derivation of secondary production. We examine the
productivity responses of several decapod crustacea as affected by differing life history
strategies, feeding, and predator avoidance behaviors. Taken as a whole, this body of
information provides compelling evidence for a direct but variable connection between
estuarine marsh habitat and productivity of brown shrimp, white shrimp, and blue crabs
in the northern Gutf of Mexico.

294



2. Habitat-Related Densities

During their stay in Guif coast estuaries, smalt juvenile penaeid shrimps and blue crabs
are strongly associated with vegetation structure. Densities of these decapods are
generally much more abundant in flooded emergent marsh vegetation or submerged
grass beds than over nonvegetated sand or mud bottom. In a synthesis of published
papers and unpublished reports on habitat use by nekton (restricted to quantitative
enclosure samples), Minello (1999) caiculated mean nekton densities in different
estuarine habitats of Louisiana and Texas. Habitats examined included salt marsh edge,
inner marsh, submerged aquatic vegetation (SAV), and shallow nonvegetaied bottom.
Overall mean densitics were higher in marsh edge habitat than over shallow
nonvegetated bottom for all three decapod species. Table 1 lists mean densities of
penaeids and blue crabs from published studies that directly compared animai
abundance in emergent marsh and over nonvegetated bottom.

TABLE 1. Mean densities (number per m?) of brown shrimp (Furfentepenaeus aztecus), white shrimp
{(Litopenaeus seriferus), and blue crabs (Calfinectes sapidus) in marsh edge and shallow nonvegetated
habitats of Texas and Louisiana. Denstties are shown only for seasons when juveniles are abundant in
estuaries. A paired-T lest was used to compare densities between the lwo habitats. The data source is cited
for each pair of means.

Marsh edge  Nonvegetated — Difference P value
habitat bottom (Edge-NV) - (paired-T)

Brown shrimp (spring-fall)
Minello and Webb (1997) 12.0 i3 8.7
Minello et al. (1991) 9.2 0.4 8.9
Rozas and Minelic (1998) 4.5 0.5 4.0
Zimmerman and Minello {1984a) 249 4.0 209
Zimmerman et al. (1989) 9.6 .1 8.5
Zimmerman et al, (1990a) 5.0 1.7 33
Zimmerman et al. {1990b) 5.0 1.2 37

Mean 10.0 1.7 83 INB
White shrimp {summer and fall)
Minello and Webb (1997) 26.7 6.0 20.7
Rozas and Minello (1998) 42 0.0 42
Zimmenman and Minello (1984a) 263 1.7 14.7
Zimmearman et ai. {1989) 432 0.3 3.9
Zimmerman et al. (1990a) 1.6 1.5 0.1
Zimnmerman et al. (1990b) 4.4 0.8 3.6

Mean 11.2 34 79 0.061
Blue crab (all seasons)
Thomas et al. (1990) 6.0 2.5 35
Minello and Webb (1997} 6.4 0.7 5.6
Minello et al. (1991) 4.6 0.0 4.6
Razas and Minetlo (1998} 10,7 0.3 10.4
Zimmerman and Minello (1984a) 8.5 1.0 7.5
Zimmerman et al, (1990a) 4.2 0.4 3.8
Zimmerman et al. (19900) 10.8 1.9 89

Mean 7.3 1.0 6.3 < (0,001




Overall mean densities of brown shrimp F. azfecus in Texas and Louisiana were
estimated at 7.5 m (SE 0.7) in Spartina alternifiora marsh edge habitat and 1.9 m?
(SE 0.2) on nonvegetated bottom (Minello 1999). Most studies comparing brown
shrimp abundance between these habitats reported densities of 3 to 13 m™ in emergent
marsh and < 3.5 m? over nonvegetated bottom {Table 1). The mean density of brown
shrimp in SAV was 7.3 m™ (SE 1.0} in Texas and Louisiana (Minello 1999). On the
central Texas coast, Rozas and Minello (1998) found that densities of brown shrimp
were similar 1 n SAV (5.3 m™, SE 1.1} and marsh (5.0 m~, SE 0.8) in fall, but higher in
SAV (11.3 m™, SE 1.3) than marsh (4.5 m?, SE 0.9) in spring.

White shnmp L. setiferus densities in Texas and Louisiana were reported by Minello
(1999) to be 5.5 m™* (SE 1.0) in S. alterniflora marsh edge compared with 1.2 m™ (SE 0.2)
on nonvegetated bottom; and in most comparisons shown in Table 1, white shrimp
densities were higher in marsh than over nonvegetated bottom. Densities were similar
in the two habitats only in one study (Zimmerman et al. 1990a), where overall white
shrimp densities were relatively low (< 2 m~). Minello (1999) reported low overall
densitics of white shrimp in SAV (0.5 m?, SE 0.1), but few studies have directly
compared densities in SAV and emergent marsh edge. Zimmerman et al. (1990b)
compared marsh edge with Vallisneria and Halodule habitats, and densities were about
five times higher in the marsh, In a study on the central Texas coast, mean densities of
white shrimp were twice as high in Spartina alterniflora marsh edge as in mixed
aquatic beds of Halodule wrightii and Ruppia maritima (42 m™, SE 09 vs 1.9 m™>, SE
1.5), although these differences were not statistically significant {Rozas and Minello
1998).

Young blue crabs C. sapidus appear to be closely associated with vegetation in
estuaries. In most published reports, densities in marsh habitat are about an order of
magnitude greater than on shallow nonvegetated bottom (Table 1). Overall mean
densmes in Texas and Louisiana were 6.2 m™ (SE 0.7) in S. alterniffora marsh edge,
0.9 m? (SE0.1) on nonvegetated bottom, and 5.0 m” (SE 1.2) in SAV (Minello 1999).
Where direct measurements were compared between different contiguous vegetated
habirtats, results are conflicting. Rozas and Minello (1998) found higher mean densities
of blue crabs in marsh edge than SAV both in fall (11.1 m™, SE0.9 vs 7.5 m™%, SE 1.4) and
in spring (10.3 m™, SE 1.0 vs 2.5 m%, SE 0.3). In contrast, blue crab densities from
Halodule beds in Christrnas Bay, Texas were higher than in nearby marsh edge in 7 of
the 12 months sampled {Thomas et al. 199Q).

In most comparisons of nekton densities between salt marsh and nonvegetated
bottom, only the marsh edge was sampled. Animal densities along the marsh edge are
generally much higher than in marsh located farther from the water-marsh interface
(Baltz et al. 1993, Peterson and Turner 1994, Kneib and Wagner 1994, Minello et al.
1994). Tor example, overall mean densities from the studies examined by Minello
(1999) were much higher in marsh-edge than mner-marsh >35 m from shorclme)
habitat (white shrlmp 55 m?, SE 1.0 vs 1 6 m™~, SE 0.9, brown shrimp: 7.5 m™
SE 0.7 vs 0.4 m™, SE 0.2; blue crab: 6.2 m™~, SE 0.7 vs 0.5 m™, SE 0. 1}. Therefore
nekton densities reported for marsh-edge hab1tat cannot be extrapolated to the entire
marsh surface. However, marsh-edge habitat is extensive in Louisiana and Texas where
much of the salt marsh is highly reticulated due to ¢oastal submergence and marsh
fragmentation.
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3. Marsh-Related Growth

Food is a principal attractant leading to estuarine habitat selection (Boesch and Turner
1984, Kneib 1984, Minello and Zimmerman 991, McTigue and Zimmerman 1991).
Penaeid shrimps generally feed by browsing and digging through surface sediments.
Both juvenile white shrimp and brown shrimp are omnivorous and known to eat
epiphytic algae, marsh detritus, and animal material in the laboratory (Condrey et al.
1972, Gleason and Zimmerman 1984, McTigue and Zimmenman 1991), but species-
specific differences in feeding have been documented. Initial evidence that juvenile
brown shrimp and white shrimp feed directly upon marsh infauna was obtained from
an unpublished laboratory feeding experiment using marsh sediment cores. Thirty-six
cores (10 cm dia. x 5 cm ht.) were collected from a Spartina alternifiora marsh on
Galveston Island and maintained as microcosms in 25-cm (ht.) PVC sleeves. The cores
were held under laboratory conditions of 25 "C, 20%o salinity, and alternate cycles of 12 h
light and 12 h dark. Individual juvenile brown shrimp and white shrimp (28 mm in total
length) were placed in 24 cores (12 cores with each species) as treatments, Twelve cores
without shrimp served as a control. After 5 d, each core was sieved through a 500-u
screen; and remaining peracarids, annelids, and mollusks were identified and counted.
Feeding was quantitatively inferred from differences in numbers of infauna between
treatment and control cores. Results of this depletion experiment indicate that marsh
annclids (mainly spionids and capitellids) and peracarids (mainly tanaidaceans and
amphipods) were readily eaten by the juvenile shrimps. Brown shrimp and white
shrimp significantly reduced the numbers of peracarid crustaceans and annelid worms
in marsh sediments, and brown shrimp ate significantly more than white shrimp (Fig. 1,
ANOVA, P <0.05). Additional experiments reported by McTigue (1993) and McTigue
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Figure 1. Yeeding by brown shrimp (Farfantepenaeus aztecus) and white shrimp (Litopenaeus setiferusy on
annelid worms and peracarid crustaceans in sediments from a subsiding salt marsh on Galveston Island, Texas.
Mean number +1 SE of infauna removed by shrimp from 7% em? x 15 cm cores of marsh sediment (n= 12 cares
per trcatment).



and Zimmerman (1998) confirmed the basic differences in feeding habitats of brown
shrimp and white shrimp. Brown shrimp are more effective at removing infauna from
sediments and appear to be obligate carnivores that depend on dense numbers of
infauna found on the marsh surface. In contrast, white shrimp are less effective at
removing infauna from sediments; this species is truly omnivorous and depends more
on plant resources than brown shrimp (McTigue 1993).

Figure 2. A newly metamorphosed juvenile white shrimp, Litopenaeus sefiferus, approximately 23 mm in
length, feeding on epiphytic algae attached to smooth cordgrass (Spartina alterniflora) culm (photograph
by R. Zimmerman).

Growth studies also indicate differences in trophic requirements of brown shrimp and
white shrimp. Both species may benefit from feeding on the marsh surface, but brown
shrimp productivity appears to be more closely linked with marsh infauna. Brown
shrimp will feed on salt marsh detritus and epiphytes, but assimilation was not detected
from these treatment diets (Gleason 1986). Juvenile brown shrimp seem to depend on
infaunal worms for growth, and densities of these prey organisms are relatively high on
the marsh surface (Zimmerman et al. 1991, Whaley 1997). Brown shrimp held in cages
showed significantly higher growth rates when they had access to the marsh surface (as
high as 1.4 mm d'') than when they were restricted to subtidal bottom (Zimmerman and
Minello 1984b). Simultaneous caging of juvenile white shrimp revealed no difference in
growth between marsh and open-water habitats, White shrimp attain better growth on
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diatoms or epiphytes and some natural animal dietary component (perhaps mysids or
copepods) that has yet to be identified (McTigue and Zimmerman 1998). Kneib and
Knowlton (1995) and Kneib (1997} suggest that white shrimp may be important
predatars on early life history stages of daggerblade grass shrimp Palaemonetes pugio.
The ability of white shrimp to exploit plant resources also is suggested by rapid growth
observed in pond studies. In ponds without macrophytes that wete fertilized to promote
phytoplankton, growth rates were reported for juvenile white shrimp of 2.1 mm d'
(Johnson and Fielding 1956) and 2.3 mm d™' (Wheeler 1968). By comparison, brown
shrimp in Wheeler’s (1968) experiments grew at 1.0 mm d' in fertilized ponds and
1.1 mm d' in unfertilized ponds.

Thomas (1989) tested dietary habits of juvenile blue crabs in natural microcosm
cores similar to those described above. Her results demonstrate that blue crab diets are
different from those of juvenile shrimps. Post megalopae juvenile blue crabs fed
significantly more on epiphytic algae and peracarid crustaceans than on annelid worms.
In a caging study conducted on open bay bottom, Minello and Wooten (1993) also found
that small juvenile blue crabs (12-17 mm C'W) did not appear to feed on infauna. Infaunal
densities in this experiment were low, but positive growth of enclosed crabs was
measured. Other investigators have documented plant and animal material in guts of
blue crabs, and their studies suggest an ontogenetic change in diet to more carnivory as
individuals grow (Alexander 1986, Laughlin 1982, Ryer 1987). Rosas et al. {1994) noted
that, in general, as blue crabs mcrease in size, plant matter, sediment, and unidentified
animal residues in guts decrease in favor of increases in molluscs and crustaceans. Fitz
and Wiegert (1991) found a predominance of feeding on fishes and non-portunid crabs
{Uca sp., grapsid and xanthid crabs) by large blue crabs in Georgia marshes, and West
and Williams (1986) and Schindler et al. (1994) reported that adult blue crabs actively
fed upon molluses such as Lirtoraria sp. on the marsh surface. Ryer (1987) found that
blue crab guts contained more food at high tide than at any other peried of the tidal
cycle and suggested this as evidence that blue crabs foraged in intertidal marshes.

4. Benefits of Marsh-Surface Access to Feeding

A major function ot salt-marsh habitat is to serve as a feeding area for opportunistic
estuarine species, and there is evidence that this function varies regionally.
Historically, salt marshes were thought mainly to contribute to detritus-based food
webs by outwelling plant debris into estuaries and coastal areas downstream of marshes
{Nixon 1980, Peters and Schaaf' 1991). Such indirect use of plant production from
Atlantic coast marshes is consistent with relatively high elevations (limiting
accessibility for nekton) and large tidal amplitudes (providing energy to transport
detritus). But in the northern Gulf of Mexico, direct use of the marsh surface appears to
be widespread, fostered by extended tidal flooding associated with low marsh elevations
and a narrow tidal range. Greater access to the marsh surface gives young fishery species
an opportunity to feed on an abundance of infauna, epiphytic and edaphic algae, and
small primary consumers that provide high-quality food necessary for rapid growth.
Micrealgal trophic pathways have been described from Gulf marshes (Sullivan and
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Moncreiff 1990), and the relative importance of algal versus detrital pathways is likely
controlled by marsh-surface avatlability (McIvor and Rozas 1996). Importantly, regional
differences in secondary productivity are influenced by differences in opportunistic
feeding behavior among estuarine species (Kneib 1995). Differences in productivity
and the resulting fishery yiclds of estuarine-dependent species such as penaeid shrimps
and blue crabs are in part due to species-specific abilities to utilize marsh habitat for
feeding.

5. Salt Marshes and Mortality of Shrimps and Crabs

Vegetated esmarine habitats also affect productivity of shrimps and crabs by providing
cover or refuge and reducing mortality. A major cause of mortality for penaeid shrimps
and blue crabs is predation by estuarine fishes (Minello and Zimmerman 1983, Wilson et
al. 1987, 1990, Minello et al. 1989, Heck and Coen 1995), Juvenile blue crabs also suffer
significant mortality from cannibalism by larger crabs (Orth and van Montfrans 1982,
Hines and Ruiz 1995). Mortality due to predators appears to be lower within vegetated
estuarine habitats in comparison with nonvegetated bottom. Laboratory experiments
have shown that the structure of salt marsh vegetation reduces feeding rates of some
estuarine fishes on brown shrimp (Fig. 3} and blue crabs (Minello and Zimmerman
1983, Thomas 1989, Minello ¢t al. 1989). Seagrass structure has also been shown to
reduce predation rates on a variety of crustacean prey (Coen et al. 1981, Heck and
Thoman 1981, Main 1987) including juvenile blue crabs (Orth and van Montfrons
1982, Orth et al. 1984, Thomas 1989). Predator-induced mortality, however, also
depends on the suite of predators present within habitats, and laboratory experiments
do not always reflect mortality in the field. Tethering experiments are designed to
incorporate differences in trophic webs among habitats in addition to differences in
environmental characteristics other than structure. For example, shallow water, that
may be associated with some vegetated habitats, has been shown to reduce predation
and mortality of blue crabs (Ruiz et al. 1993, Dittel et al. 1995, Hines and Ruiz -[995).
Field experiments with tethered blue crabs and brown shrimp prey have shown that
mortality is reduced in seagrass and marsh habitats compared with nonvegetated
bottom (Heck and Thoman 1981, Wilson et al. 1987, 1990, Minello 1993, Heck et al.
1994). All of these data, therefore, support the hypothesis that vegetated habitats such
as salt marshes and seagrass beds reduce predator-related mortality of crustaceans like
penaeid shrimps and blue crabs.

The protective value of vegetated habitats varies. Intertidal salt marsh is not always
flooded and available for exploitation by shrimps and crabs; thus, regional differences in
tidal dynamics can affect the protective value of salt marshes. In the northern Gulf of
Mexico, flooding durations during spring and fall are extensive (Rozas and Reed 1993,
Minello and Webb 1997). During these seasons, salt marshes may function quite similarly
to seagrass in these estuaries (Rozas and Minello 1998). There is also some indication that
vegetated habitats with very high densities of plants offer less protective cover, because
thick mats of roots and rhizomes prevent burrowing in the substratum (Wilson et al.
1987). Both blue crabs and penaeid shrimps often burrow during the day, and this
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behavior reduces mortality caused by both predators (Fuss 1964, Fuss and Ogren 1966,
Minello et al. 1987) and by temperature extremes (Eldred et al. 1961, Aldrich et al. 1968).
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shrimp
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Figure 3. Reduction in feeding rates on brown shrimp due to vegetation, Experiments comparing feeding by
various fish predators between bare sand and vegetated habitats were conducted in laboratory microcosms
using planted Sparting alterniflora and postlarval shrimp (Minello et al. 1989) or simuiated vegetation and
Juvenile shrimp (Minello and Zimmerman 1983).

In addition to predator-related mortality, both penaeid shrimps and blue crabs suffer
mass mortality from periodic detrimental physical conditions in the estuary such as
freezing weather (Gunter 1941, Gunter and Hildebrand 1951, Dahlberg and Smith
1970) and anoxic water (Gunter 1942, May 1973, Turner and Allen. 1982, Turner et al.
1987), Habitats that function to protect shrimps and crabs from predators do not
necessarily provide refuge from these sources of mortality. Deep water and an
appropriate substratum for burrowing may be important habitat characteristics for
reducing mortality from low temperatures (Eldred et al. 1961, Aldrich et al. 1968).

Regional differences in the value of salt-marsh habitats in reducing mortality may be
related to differences in tidal dynamics, marsh morphology, trophic structure, and
climate. Earlier we discussed the benefits to shrimps and crabs of access to the marsh
surface for feeding. The increased marsh access prevalent along the Gulf coast should
also provide increased protective benefits. These benefits, however, may be reduced in
part by increased predation pressure in Gulf estuaries. Heck and Wilson (1987) and
Heck and Coen (1995) found that predation on crabs in vegetated habitais was higher at
lower latitudes and higher along the Gulf coast than along the Atlantic coast. The
dominant predators may also vary regionalty. Fish predators are generally considered
the most significant sources of mortality for shrimps and crabs in Gulf estuaries
(Minello et al. 1989, Heck and Coen 1995). In Chesapeake Bay, however, Hines and
Ruiz (1995) attributed almost all mortality of tethered juvenile blue crabs to
cannibalism by larger crabs. In addition, climatic differences between much of the U.S.
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Atlantic coast and the Gulf coast may affect the protective value of different habitats.
Deep-water habitats with soft substrata may be especially valuable in climates and
seasons where temperatures drop to lethal levels for c¢rabs and shrimps. In these
sitoations, seagrasses in deep waters may provide protection from both predators and
the physical environment.

6. Seasonal Differences in Salt-Marsh Value

Direct benefits of marsh habitat to transient juveniles of fishery species may depend upon
the seasonal timing of larval recruitment to the estuary, Flooding of marsh surfaces in the
Guif varies seasonally, and benefits can be proportionately greater for species that
immigrate into the estary when marshes are most accessible. Postlarval brown shrimp
are at their peak abundance during the spring and fall (Baxter and Renfro 1967),
coinciding with tidal high water periods that inundate salt marshes extensively (Rozas
and Reed 1993, Minello and Webb 1997). Juvenile white shrimp are abundant during
fall when marshes are flooded; however, postlarvae mainly recruit in the summer when
intermediate water levels persist. Blue crab megalopae recruit into Gulf estuarine habitats
in summer and fall {Rabalais et al. 1995), but juveniles overwinter in the estuary. During
winter, marshes are relatively inaccessible, and the lowest water levels of the year occur.
We suggest that seasonal hydrology affects marsh use and related benefits to production
among these three species. On the basis of these seasonal-use patterns, brown shrimp
should accrue the most benefit from salt-marsh habitats followed by white shrimp and
blue crabs.

Abundances of infaunal prey organisms such as annelid worms and crustaceans in
Gulf estuaries are usually more numerous in sali-marsh habitat than on subtidal bottom
during most months (Fig. 4). Population levels of infauna vary seasonally, and densities
are generally highest in late winter months when predator densities are low (Flint and
Younk 1983, Zimmerman et al. 1991, Whaley 1997). This peak in infauna throughout
the estuary coincides with the arrival of brown shrimp postlarvae in early spring.
Infaunal densities decline to summer low levels, presumably due to predation, by the
time white shrimp postlarvae arrive in Guif estuaries. Blue crab megalopae arrive in
the summer and fall, but juveniles overwinter in the estuary and are present in marshes
throughout the year (Thomas et al. 1990, Rabalais et al. 1995, Rozas and Minello 1998).
Subadult and adult blue crabs also use salt marshes (Thomas et al. 1990, Fitz and Wiegert
1991). This extended period of marsh use by all life-cycle stages for blue crabs contrasts
with the seasonally limited use by juvenile penaeid shrimps. Energy derived from
foraging in marshes by shrimps is used mainly for growth, while benefits for blue crabs
are to growth and reproduction.
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Figure 4. Seasonal densities of infaunal prey (annelid worms and peracarid crustaceans) in a sudsiding marsh
and adjacent subtidal habitat from 78 cm” x 15 cm cores of sediment taken at Galveston Island in the northern
Gulf of Mexico {Zimmerman et &l. 1991). Mean and standard error, n = 8 cores in each habitat monthly from
1985 through 1988. '

7. Fishery Trends

The fisheries for brown shrimp and white shrimp are the largest crustacean fisheries in the
United States, and they are centered in the northem Gulf of Mexico. Because the
production of these species appears to depend on coastal wetlands, the high rates of
wetland loss in the region are a matter of concern for fishery managers (Condrey and
Fuller 1992). The brown shrimp fishery is the largest shrimp fishery in the Gulf of
Mexico, and parent stocks of this species have remained relatively stable since 1960
{Eldridge 1988, Nance et al. 1989, Klima et al. 1990, Nance 1993). However, landings
of brown shrimp doubled between 1960 and 1991 (Fig. 5} coinciding with increased
fishing effort. Using virtual population analyses, the number of shrimp recruits was
caiculated for each of 31 years of catch data (1960 to 1991) where size composition
and fishing effort are known. This analysis showed that recruitment to the brown
shrimp fishery increased significantly through this period to historic high levels in
1991, and that increased landings are not solely due to increased fishing effort. The
current dominance of brown shrimp in the fishery is recent; white shrimp dominated
landings in the Gulf from the late 1800s to 1950 (Condrey and Fuller 1992). The white
shrimp fishery in the Gulf is still large, however, and landings more than doubled between
1960 and 1986 (Fig. 5, Nance et al. 1989, Nance 1993). Recruitment of white shrimp has
also increased significantly, with the largest increase between 1984 and 1986. Both of
these shrimp fisheries have been considered fully exploited at least since the early
1970’s, providing further evidence that increases in the Gulf landings of brown shrimp
and white shrimp are caused by increases in recruitment. Blue crab landings in the Gulf
of Mexico have increased similarly to brown shrimp and white shrimp since 1960

303



(Fig. 5). No trend in recruitment is known. Another large crustacean fishery, and the third
largest shrimp fishery in the Guif of Mexico, is pink shoimp F. duorarwm. In contrast to
other shrimp species, the principal nurseries for pink shrimp in the Gulf are seagrasses in
South Flerida and South Texas, and Gulf landings of pink shrimp have not exhibited a
steady pattern of increase during the past three decades.
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Figure 5. United States southeastern Atlantic and Gulf of Mexico landings of brown shrimp (Farfantepenacus
actecus), white shrimp (Litopenaeus setiferns) and blue crab (Callinectes sapidus) from 1960 through 1996
{U.S. National Marine Fisheries Service catch statistics data compiled by the Southeast Fisheries Science
Center, Miami, Florida). Regression lines denote significant trends.

Fisheries for brown shrimp, white shrimp, and blue crabs of the southeastern U.S.
Atlantic coast are associated with salt-marsh dominated estuaries (Weinstein 1979,
Wenner and Beatty 1993). However, landings of shrimp per unit area of salt marsh are
more than three times higher m the Gulf than the Atlantic (Table 2). In the Atlantic,
penaeid shrimp fisheries fluctuate annually like those of the Gulf, but Atlantic landings
have not increased significantly since 1960 (Fig. 5), and no trend in recruitment is known.
Unlike the Gulf, the southeast Atlantic shrimp fishery has always been dominated by
white shrimp. Blue crab landings along the Atlantic have increased similarly to those in
the Gulf (Fig. 5). Also, fishery-independent surveys of abundances of juvenile blue crabs
appear within the same order of magnitude between the two regions (Heck and Coen
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1995). These similarities suggest that regional differences in marsh habitat are not a
major factor influencing blue crab production. The northern extension of blue crab
landings to the upper mid-Atlantic-coast, where penaeid shrimp fisheries are
inconsequential, suggests that blue crabs tolerate a wider range of environmental
conditions than penaeid shrimps.

TABLE 2. Shrimp fishery landings (kg) per ha of salt marsh in Gulf of Mexico and Atlantic states where brown
shrimp (Farfartepenaeus aztecusy and white shrimp (Litopenaeus seriferus) predominate. Fhe total area of sait
marsh (ha), portion of total U.S. salt marsh area (%}, total shrimp landings (metric tons, all species combined-F.
aztecus, L. setiferus, and F. duorarum), and landings per ha of marsh are given for each state and region.

1996 Shrimp Landings

State Marsh ¢ha) % of U.S. Metric tons  kg/ha
Louisiana 697,223 40.4 36645.6 52.5
Texas 174,862 10,1 28057.6 160.4
Mortheast GOM Subtotal 872,085 50.5 64703.2 74.1
South Carolina 148,072 08.6 2433 5 164
North Carolina 086,116 05.0 23912 277
Georgia 078,548 04.5 26371 335
South Atlantic Subtotal 312,736 18.1 7461.8 238
Five State Total 1,184,821 68.6

Overall U.S. Total 1,728,190

(Marsh acreage recalculated from: Coastal Wetlands of the United States: an accounting of a valuabie natural
resource. 1991. U.S. Dept. of Commerce, NOAA/NOS and Dept. of the Interior, U.S. F. W. 8.
59 p.; with conversion of acres = {.4047 hectares)

8. Relationship of Marsh Submergence to Productivity

Increasing yields of brown shrimp and white shrimp over the past 30 years in the northern

Gulf of Mexico are correlated with high rates of subsidence and loss of marsh habitat, and

there is evidence that wetland-loss processes may have stimulated secondary productivity

of these fishery species (Nance et al. 1989, Zimmerman et al. 1991). With high rates of

marsh submergence, protection and feeding benefits of nursery habitat are modified for

transient juveniles through:

I} Extension of the saline zone inland, providing more salt-marsh nursery area;

2) Lengthened duration of marsh inundation, allowing more time to feed and seek
refuge among plant cover;

3) Greater accessibility to marsh habitat from open water due 10 increased edge; and

4) Shorter migration routes from the sea to inland marshes.

Relationships between submergence and productivity can also be seen by examining
annual changes in sea level. Morris et al. (1990) reported that annual growth of Spartina
alterniflora in South Carolina varies by a factor of two and correlates positively with
anomalies in mean sea level. Moreover, commercial landings of shrimp and menhaden
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of the southeast Atlantic and central Gulf of Mexico are direcily correlated with sea level.
Childers et al. (1990) noted that relationships between annual water levels and shrimp
harvest in the Gulf were curvilinear. Low catches occurred in years of low or high
water levels and high catches were in years with intermediate water levels. Low water
was attributed to drought. We note that low catch in high water years can be attributed
to high rainfall in which lower salinities restrict the area of suitable nursery habitat for
young shrimp.

9. Regional Differences

Juvenile shrimps, blue crabs, and other transient marine taxa exhibit regional differences
in direct use of the marsh surface, and these differences appear related to regional
differences in hydrology and marsh inundation (Zimmerman et al. 1991, Rozas 1995).
Northern Guif salt marshes support densities of penaeid shrimps and blue crabs
{Zimmerman and Minello 1984a, Rozas and Reed 1993) that are an order of magnitude
greater than densities in East coast marshes (Hettler 1989, Mense and Wenner 1989, Fitz
and Wiegert 1991, Kneib 1991, Rozas 1993). We attribute higher densities in Guif
marshes in part to longer inundation times that increase accessibility of subsiding
marshes. We also suggest that the differences between Gulf and Atlantic fishery
landings, which are largest in brown shrimp, followed by white shrimp and then blue
crab, may be attributed to influences of marsh geomorphology and tidal hydrology.

As sea level rises in Gulf of Mexico salt marshes, especially during periods of
accelerated rise, marshes are submerged, and habitat characteristics change (Deegan
and Thompson 1985, Comner and Day 1987, Wells 1987, DeLaune et al. 1989), The
classic configuration of a stable marsh along the Atlantic coast with its dendritic creeks
disappears. In the Gulf, the marsh landscape becomes fragmented as interior ponding
occurs (Turner and Rao 1990, Turner 1997), and patches of marsh become interspersed
within subtidal areas of open water (Fig. 6). This condition creates more edge interface
between salt marsh and open water (Browder et al. 1985) resulting in greater direct
accessibility of the marsh surface for transient aquatic fauna.

The connections we have outlined between production of fisheries and marsh loss also
can be related to characteristics of marsh building and wetland loss cycles of the
Mississippi River delta, Rates of sedimentation and subsidence during the aging process
of deltaic lobes strongly influence the biological characteristics of marshes (Neill and
Deegan 1986, Rejmanek et al. 1987, Reed and Cahoon 1992). For example, recently-
formed Atchafalaya delta marshes are dominated by strong riverine inflow, active delta
building, and low subsidence rates (Wells 1987, DeLaune et al. 1987). These accreting
Atchafalaya marshes, although inundated frequently, may be unavailable to some
estuarine consumers due to low salinities; although Castellanos (1997) reports relatively
high standing stocks of blue crabs here. Madden et al. (1988) emphasize that secondary
production from the building Atchafalaya delta is driven by seasonal inputi of river-borne
nutrients and sediments. By contrast, in an older deltaic system there is little direct river
input, and marshes such as those in the lower Barataria Basin are rapidly subsiding and
deteriorating (Sasser et al. 1986). These submerging marshes provide additional sources
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Figure 6. Highly fragmented salt marshes in the northern Gulf of Mexico provide maximum access to the
marsh surface for fishery species. Oblique aerial photograph encompassing approximately 3 ha of marsh in
Galveston Bay (taken by T. Minello).

of carbon and nitrogen exported to surrounding open waters (Feitjtel et al. 1985, DeLaune
ct al. 1989). In the Barataria system, marsh utilization by transient marine consumers is
favored by higher salinities and organic detritus eroded from old marshes. Deegan and
Thompson (1985) reported the mean density of fishes (sampled with otter trawls) to be
more than an order of magnitude greater in Barataria Bay (0.32 individuals m™>) than in
Atchafalaya Bay (0.02 individuals m™).

10. Future Trends

The characteristics of drowning marshes, i.e., expansion inland, extended duration of
flooding, more edge, and higher erosion rates, may benefit nursery function and
enhance fishery production only over the short-term. For example, one model (Browder
etal. 1989) suggests that marsh conversion to open water in Barataria Bay will soon reach
a point beyond which fisheries will decline due to a reduction in the total amount of marsh
arca. The implication is that, over the long term, high yields supported by marsh
submergence can be maintained only as long as marsh area lost is regenerated
clsewhere. Nationally, Dahl and Johnson (1991) reported that areal losses of saline
marshes have been more than replaced by encroachment into freshwater wetlands.
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Future rates of eustatic sea level rise may further change marsh habitats nationwide
and affect derived secondary production. The potential for greater production from
marshes of Georgia and the Carolinas rests upon whether submergence will have the
same affect as in the Gulf. In the northwestern Gulf, the relatively large marshes of the
Chenier plain (Gosselink et al. 1979, Delaune et al. 1983) are also susceptible to future
submergence. Therefore, accelerated rates of sea level rise may stimulate estuarine-
dependent fisheries even more widely than at present. But, as noted above, enhanced
yields can continue only as long as drowning marshes are replaced by inland
progression of saline wetlands. Eventual nationwide losses of total marsh area are
highly probable as more barriers are constructed to protect inland areas. Saline marshes
would be caught between the rising sea and protected shorelines. In this case, continual
decline in marsh area would offset the functional benefits of submergence for fishery
specics. As a consequence, coastal fisheries may respond to sea-level rise rates
predicted by global warming (Armentano ct al. 1988) with short-term productivity
increases, such as we believe have occwrred in the Gulf shrimp fishery, that are
unsustainable in the long-term (Browder et al. 1989, Condrey and Fuller 1992).

11. Conclusions

Patterns of estuarine utilization indicate that the productivity of brown shrimp, white
shrimp, and biue crabs is linked to salt marshes. Indeed, investigators have amply
demonstrated that estuarine wetlands provide the young of these fishery species with an
abundant source of food that supports rapid growth, in addition o protective cover that
reduces mortality from predators. Correspondingly, the largest area of emergent
wetlands, including salt marshes and the largest crustacean fisheries in the U.S. are
located in the northern Gulf of Mexico.

The linkages between salt-marsh wetlands and fishery productivity, however, are
complex and varied. The importance of salt-marsh availability as nursery habitat has
only been recognized fully within the last decade. The availability of coastal marshes
to fishery species is determined by tidal flooding patterns, the amount of marsh/water
edge, and the extent of connections between interior marsh and the sea. Within the
northern Gulf of Mexico, low-elevation marshes are flooded almost continually during
some seasons and are exiensively fragmented, providing maximum access for young
shrimp and blue crabs. By contrast, marshes along the southeastern U.S. Atlantic coast
are less inundated and have relatively little marsh/water edge. Densities of transient
aquatic species using the marsh surface also differ; the densities in the Gulf are
generally an order of magnitude greater than those on the Atlantic coast. We now
believe that these differences in wetland availability and degree of use are at least
partially responsible for higher production and higher landings of some estuarine-
dependent species in the Gulf of Mexico as compared with the U.S. Atlantic.

Overlying the concept of relative wetland value based upon hydrology is modification
due to wetland loss. Salt-marsh loss is occurring thronghout the southeastern U.S., but the
highest rates are in the northem Gulf of Mexico. Because of the proposed linkage between
wetlands and fishery production, we might expect esmarine-dependent fisheries to decline
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as spatial extent of marsh habitat diminishes. In the northern Gulf of Mexico, however,
recruitment and landings have increased for brown shrimp and white shrimp over the
last 20 to 30 years. By comparison, landings of these species have remained stable
along the U.S. Atlantic coast where wetland loss is relatively low. We are left with an
interesting paradox — that of increased shrimp fishery production correfated with the
loss of nursery habitat. The explanation appears to be related to the process of wetland
loss. As the total area of coastal marsh decreases, inundation of existing marshes
increases, fragmentation and habitat edge increase, zones of saline and brackish
wetlands expand, and connections with the sea are shortened. We believe that the
wetland loss process increases the availability and functional value of remaining marsh
1o transient fishery juveniles, which supports short-term increases in secondary
production such as in shrimp. In the long-term, however, these enhanced levels of
secondary productivity are not sustainable: continued wetland loss will eventually
overtake short-term benefits derived from habitat loss, and future declines in estuarine-
dependent shrimp production are unaveidable.

Brown shrimp, white shrimp, and blue crab are opportunistic species. Their
productivity does not entirely depend on salt-marsh habitat, because they also occur in
estuaries dominated by mangroves and SAV. However, in coastal areas with abundant
salt marsh, the productivity of these fishery species appears to depend upon their ability to
use the marsh surface directly as determined by hydrographic and geomorphic conditions.
This interaction, of productivity and salt marsh habitat, also depends on the life history and
behavioral characteristics of the different fishery species. Together, these factors can
account for both regional and intraspecific differences in secondary productivity. In the
northern Gulf of Mexico, brown shrimp production appears to have benefited the most
from this salt marsh relationship, followed by white shrimp and blue crab.
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